The genome project, with the discovery of thousands of new protein sequences every year, has created a revolution in protein physics, chemistry, and biology. This has led to a renewed and very much expanded interest in the protein folding problem, particularly among biophysical scientists. There are two parts to this problem. The first is predicting the three-dimensional structure of a protein from its amino acid sequence, often referred to as cracking the second half of the genetic code. The second, which is the subject of this Commentary, is to understand how proteins fold. This problem has recently taken on additional importance, as more and more human diseases, such as Alzheimer's and Parkinson's diseases, are believed to be caused by aggregation of misfolded proteins (1) . There is, moreover, the intriguing possibility that evolution preserves sequences that not only form structures that adequately perform a specific biological function but also those that avoid misfolded states and fold sufficiently quickly to avoid aggregation. That is, minimizing nonnative interactions and maintaining sufficient folding speed may very well be additional selection pressures in protein evolution (2, 3) .
The question of how a protein folds can be phrased more precisely as follows: What are the sequences of structural changes that occur in a polypeptide as it finds its way from the myriad of possible structures in the denatured state to the final, unique native structure? How many different folding routes exist and what are their relative probabilities? The article by Sabelko et al. in this issue of the Proceedings (4) represents a significant advance toward answering these questions. These investigators observe a time course for folding that does not have the functional form corresponding to a single exponential or a sum of a few exponentials, as has been observed previously in studies of protein folding kinetics. Instead they discovered a single, continuous nonexponential time course that can be well described by a stretched exponential function: exp[Ϫ(kt) ␤ ]. Nonexponential kinetics have played an important role in understanding conformational changes in native proteins (5-7). They are particularly interesting for protein folding because they could arise from a process that is ''downhill'' in free energy-i.e., one in which the overall free energy barrier separating the native from the denatured state is very small or nonexistent. For large barriers only the structures of the initial and final states are observable because structures along the folding route are too sparsely populated. † If, however, the barrier becomes very small or disappears altogether, all of the structures can in principle be detected and characterized by spectroscopy. There is then the exciting prospect of performing single molecule experiments that directly observe exploration of the energy landscape and folding routes. Finding proteins that fold with a ''downhill scenario'' is an essential first step in this quest. That some proteins will exhibit downhill folding, moreover, is one of the novel theoretical predictions of an energy landscape analysis of protein folding (9) . This prediction requires some further explanation.
Until about a decade ago the problem of understanding how proteins fold was addressed by identifying and characterizing one or two metastable structures thought to be obligatory intermediates in a sequential process along a well-defined protein folding pathway. The prevailing view was that structural characterization of such intermediates would give the clue to the basic underlying mechanism, as in the study of organic chemical reactions (10) . Unlike small-molecule chemical reactions, however, in which covalent bonds are broken and new ones formed in a structurally well-defined transition state, the many degrees of freedom of a polypeptide chain demand a rather different approach. A polypeptide of 100 amino acids has a huge number of conformations, even if only a tiny fraction of the Ͼ2 100 (ϭ10 30 ) possible conformations are thermally occupied. Understanding the complexity of protein folding at the microscopic level and developing models that make quantitative predictions therefore requires a statistical approach-i.e., the theoretical and computational tools of modern statistical mechanics (2, 9, 11-18).
A major goal of a statistical mechanical model of protein folding is to obtain the free energy of a polypeptide as a function of just a few coordinates. This is a hard problem for computer simulations, as well as for analytical theory. The desired result is a low-dimensional free energy surface from which both the thermodynamics and kinetics of folding can be calculated. In this picture the kinetics of folding and unfolding are obtained from the dynamics of diffusion on this free energy surface (19) (20) (21) (22) . § The most useful free energy surface would be one defined by measurable structural parameters. Natural candidates are the overall size of the molecule, for example the radius of gyration (R g ) measured in low-angle x-ray scattering experiments, the fraction of secondary structure as determined from far ultraviolet circular dichroism, and the number of peptide bonds in their native conformation, which might be measurable by vibrational spectroscopy. A useful measure of overall topology, particularly in lattice simulations, has been the fraction of native tertiary contacts between residues (Q) (2, (9) (10) (11) (12) (13) (14) (15) (16) . Q can in principle be measured in equilibrium experiments by NMR (23) , but a method to monitor Q with adequate time resolution is not yet at hand.
To easily visualize a free energy surface, two of these parameters can be selected. A schematic of a Q, R g surface is shown in Fig. 1 (24) . This surface shows three minima, an expanded denatured state (D E ), a compact denatured state (D C ), and the fully folded native state (N) (25) . D E , D C , and N are considered separate thermodynamic states, because they are separated from each other by barriers greater than a few k B T (k B is the Boltzmann constant, and k B T at 300 K is 0.6 PNAS is available online at www.pnas.org.
The companion to this Commentary begins on page 6031. *e-mail: eaton@helix.nih.gov. † By assuming a linear relation between changes in activation and equilibrium free energies produced by mutations, important inferences can be made about the structures of the ensemble of molecules that pass over the barrier top along the minimum free energy path between the native and denatured states-i.e., the transition state ensemble (8) . § Whether a low-dimensional free energy surface can be found that describes the kinetics of folding remains a subject of some controversy (20) . A somewhat surprising and encouraging result is the success of a one-dimensional free energy surface in describing the dynamics of simplified models of proteins, but still very complicated systems (21, 22) . kcal͞mol). If equilibration among the microstates is fast compared with the barrier crossing, then simple exponential kinetics result. If, on the other hand, the free energy barrier disappears, the kinetics will become nonexponential. A striking result of the theoretical calculation of free energy surfaces is that the barriers to folding are predicted to be quite small (2, 26, 27) , even though protein folding is a very slow process by ordinary standards of chemical reaction kinetics. The barriers are small because of near cancellation along the reaction coordinate of large entropy terms, arising from the many possible configurations, by comparable stabilizing (free) energy terms from interresidue contacts. For example, when a microscopic model that assumes negligible nonnative interactions is used, the free energy barrier to folding the 80 amino acid protein monomeric repressor is calculated to be only 5-7 k B T at the temperature where the populations of native and denatured states are equal (27) . If a chemical denaturant is used to achieve equal populations, the folding rate is ϳ800 s Ϫ1 at 310 K (28) . Assuming that this rate can be calculated approximately from k o exp(Ϫ⌬G ‡ ͞RT) and that the barrier height remains 5-7 k B T, the pre-exponential factor k o is only (31) to study the kinetics of folding from the cold denatured state. They studied two proteins, a double mutant of a small (76 amino acid) single-domain protein, ubiquitin, and a large (415 amino acid) two-domain protein, phosphoglycerate kinase. The latter protein reaches the native state slowly (Ͼ10 s) and has a more complex free energy surface than the one shown in Fig. 1 . The free energy surface for ubiquitin, on the other hand, appears to be much simpler, with only three minima (apart from those produced by proline isomerization, which causes minor slow kinetic phases), as in Fig. 1 (32) . For this protein Sabelko et al. observe two exponential relaxations at 2°C with time constants of ϳ20 s and ϳ5 ms ( 1/2 Ϸ 3 ms), the second relaxation corresponding to formation of the native structure. At a slightly higher temperature (8°C), the first relaxation remains exponential and becomes slightly faster, while the rate of the second increases dramatically ( 1/2 Ϸ 100 s) and the time course becomes nonexponential. They assign the 20-s phase to ''nonspecific'' contraction of the polypeptide chain. Sabelko et al. are faced with an interesting problem in interpreting the second relaxation. How can one simultaneously explain the existence of a significant barrier between the denatured and native states in equilibrium NMR experiments at 8°C, yet observe nonexponential kinetics in the formation of the native state [from D E , since D C is expected to be at much higher free energy than either D E or N (32) (Fig. 1)] ? Sabelko et al. resolve this puzzle by proposing a change in the shape of the free energy surface: denatured molecules of the free energy minimum (D E ) at the initial temperature find themselves on the native side of a free energy maximum (the barrier top) at the elevated temperature. Folding is then downhill and the kinetics are nonexponential. ¶ The position of the free energy barrier shifts to lower Q (Fig. 1) at the elevated temperature because of strengthening of the hydrophobic effect, so that the stabilizing forces overcome the decrease in configurational entropy earlier along the reaction coordinate.
Sabelko et al. (4) also make a more subtle point that energetic ''ruggedness'' or ''roughness'' may determine the ¶ With data over a wider range of times it should be possible to prove that the process is truly nonexponential [see, e.g., ref. 33 , in which the stretching parameter ␤ for the conformational relaxation in myoglobin is ϳ0.1 (6)]. At longer times, moreover, the exponential tail might be observable because of folding of those molecules that fall back into the denatured well DE after the temperature jump, rather than move downhill to the native state. Also, why the ϳ20-s phase has such a large relative amplitude and is exponential at all temperatures is an important remaining question.
FIG. 1. Schematic of one and two-dimensional free energy surfaces. (Left)
Free energy as a function of the fraction of native contacts (Q) and the radius of gyration (Rg). This surface has three significant minima, one for an expanded denatured state (DE), one for a compact denatured state (DC), and one for the native state (N). To simplify the brief discussion of this surface the somewhat unrealistic assumption is made that Q is the same for DE and DC, and Rg is the same for DC and N. For this free energy surface Q may be a good reaction coordinate for forming the native state N from DC or DE, and Rg may be a good reaction coordinate for collapse of the expanded denatured state DE to DC or N, but not vice versa. If so, then the kinetics of folding and unfolding, as well as the kinetics of collapse and expansion of the denatured protein, might be described as diffusion on one-dimensional free energy surfaces (Right). † One of the major outstanding issues is whether DE has a topology that is near native (assumed for a ''molten globule'') or is more nearly a ''random globule'' with a distribution of topologies, in which case DC should be considered a trap on the free energy surface containing misfolded structures. extent of the deviation from an exponential time course. Roughness arises from nonnative interactions or native interactions in wrong topologies. By averaging over the many degrees of freedom in reducing the description of the system to a one-or two-dimensional free energy surface, most of the roughness is absorbed into the effective diffusion coefficient used in calculating the kinetics (2, 9, 21) . This diffusion coefficient may vary along the reaction coordinate (21) and would result in stretched exponential kinetics if it continuously decreases (6) . One might also expect that sequences with many favorable nonnative contacts, such as very hydrophobic sequences, would exhibit dynamics on the free energy surface with a smaller effective diffusion coefficient (34) . An interesting consequence of these considerations is the possibility of observing large curvature in plots of the log(folding rate) versus the free energy driving force for downhill folders at constant temperature. Even though increasing the strength of the interresidue interaction would increase the free energy bias toward the native state, the net effect at very high bias might be to decrease the overall rate because of a much lower diffusion constant. That is, the folding rate at constant temperature could exhibit a maximum. In the classification by Bryngelson et al. (9) this would correspond to a continuous progression from a type I to a type 0a to a type 0b folding scenario. One candidate for such behavior is a double mutant of the 80-residue monomeric repressor mentioned earlier, which has a folding rate extrapolated to zero denaturant of ϳ10 5 s Ϫ1 (35) , close to the estimated maximum rate of protein folding of ϳ10 6 s Ϫ1 (36) . Finally, there is the exciting prospect of studying downhill folding in experiments on single molecules. For proteins with a single significant barrier in their ensemble behavior, one naively expects that, with the current time resolution in single-molecule fluorescence experiments of ϳ0.010-1.0 ms, individual protein molecules will appear to stochastically jump between the native structure and the structures of the denatured state, since the time for the polypeptide backbone to change a pair of dihedral angles is only ϳ1 ns (37) . Unless information is obtained on structure distributions in the denatured state (38) , this experiment could therefore be disappointing, because it might turn out to be just a difficult way of determining the folding and unfolding rates for a two-state kinetic system. For a downhill folding protein, however, it may be possible with only a modest improvement in time resolution to directly observe the intermediate structures and monitor the complete sequence of structural events that lead to folding and unfolding of the native structure (by using, e.g., Förster excitation energy transfer (38, 39) or contact fluorescence quenching). Slowing could be achieved by increasing the viscosity of the solution. Such experiments could make a major contribution to the ultimate goal of describing the distribution of folding routes from the denatured to the native state. The results of single-molecule and ensemble kinetic experiments will provide a reality check on computer films that we shall be watching in the not too distant future of individual protein molecules folding from random coil structures all the way to the native structure in all-atom molecular dynamics simulations (40) .
